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responsibility ofAbstract The grain reﬁnement mechanisms of Sr in the AZ31 magnesium alloys were studied by
both phase diagram calculation and experimental analysis. The inﬂuence of Sr content on the solute
distribution coefﬁcients of Al and Zn during solidiﬁcation was investigated in order to ﬁnd out
whether Sr addition can enhance the grain reﬁnement efﬁciency brought by Al and Zn. The results
showed that Sr addition can promote the segregation in liquid phases for both Al and Zn during
solidiﬁcation, therefore enhance the grain reﬁnement effects by Al and Zn in AZ31 magnesium
alloys. And the effect of Sr addition on the solute distribution coefﬁcients for Al is larger than that
of Zn. Sr addition can improve the GRF values by itself and also improve the GRF values of
Al and Zn to the AZ31 magnesium alloys, and the grains are reﬁned consequently.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
It is well-known that grain reﬁnement is an important method
to improve properties, more precisely, the formability foresearch Society. Production and ho
.001
300935; fax:þ86 23 67300952.
com (R. Cheng).
Chinese Materials Researchmagnesium alloys. Recent results indicate that Sr additions
such as Al–Sr and Mg–Sr master alloys were thought as an
effective means of grain reﬁnement for Mg–Al series alloys
[1–4]. Some research works imply that Sr had signiﬁcant grain
reﬁnement effect on AZ31 magnesium alloys and the grain
reﬁnement efﬁciency could be over 50% [2–8]. Previous works
by other groups were focused on the apparent inﬂuence of Sr
to the matrix of the alloys and many important results were
obtained. There are, however, many disputes over grain
reﬁnement mechanism for Sr on magnesium alloys. To be
more precise, there are mainly three proposed mechanisms
which have been widely acknowledged currently. The ﬁrst
hypothesis proposed by Lee et al. [9,10], from the perspectivesting by Elsevier B.V. All rights reserved.
R. Cheng et al.8of thermodynamics, explains grain reﬁnement by the decrease
of the undercooling of the melts with the addition of Sr. Yang
et al. [2,3] argued that the surface activity of Sr in liquid Mg
alloys promoted formation of a Sr ﬁlm on the grain growth
interface, which would reduce the grain growth speed during
solidiﬁcation and thus lead to the grain reﬁnement. Nussbaum
et al. [12] suggested that the low solid solubility (0.11%) of Sr
in Mg causes enrichment of Sr in the liquid phase in front of
the growth interphases during solidiﬁcation and therefore
reﬁnes the grains. However, there is no report so far concern-
ing the effect of Sr on other elements in the AZ31 magnesium
alloys especially Al and Zn. In the present work, Thermo-Calc
phase diagram calculation was combined with experimental
analysis to investigate the effect of Sr addition on Al and Zn in
AZ31 magnesium alloys and the grain reﬁnement mechanisms
of Sr in AZ31 magnesium alloys. This work is of great
signiﬁcance by providing a new method for the study on grain
reﬁnement mechanism of Sr in AZ31 magnesium alloys.2. Experimental process and method
There are three key issues during solidiﬁcation: the discipline
for phase formation, the morphology of the solidiﬁcation
structures, and the process of solute redistribution. The solute
redistribution process determines the composition uniformity
of the solidiﬁcation structures, and also has important inﬂu-
ence on the precipitation sequences, precipitate speeds and
ﬁnal morphology of the solidiﬁcation structures and the
second phases [13,14]. One key parameter used to describe
solute redistribution during solidiﬁcation is the solute distri-
bution coefﬁcient ‘‘k’’. For equilibrium solidiﬁcation, solute
equilibrium distribution coefﬁcient ‘‘k0’’ is deﬁned as the ratio
of the solute concentration in the solid phase ‘‘CS
’’ to the
solute concentration in the liquid phase ‘‘CL
’’, i.e., k0¼CS/CL.
For non-equilibrium solidiﬁcation, such as those cases invol-
ving metallic and non-metallic components under the condi-
tion of common cast and common cast speed, the ‘‘CS
/CL
’’
ratio is also applicable for the solid/liquid interfaces. In such
cases, although the system is at non-equilibrium state, from
the perspective of the whole, the solid/liquid interface can still
be considered as being at equilibrium state, i.e., the interface
equilibrium. Furthermore, it is difﬁcult to determine the equili-
brium redistribution coefﬁcients for non-equilibrium solidiﬁcation
either by calculation or experiment. In this work Thermo-Cale is500
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Fig. 1 Vertical section phases diagram of the Mg–Al–Srapplied to calculate the vertical section phase diagrams of the
Mg–Al–Sr and Mg–Zn–Sr ternary systems with different Sr
contents and the solute concentrations of Al and Zn in the solid
phases under constant temperatures were obtained, where it is
assumed that the solidiﬁcation process is for a dilute solution at
equilibrium state. The data were then used to determine the
inﬂuence of Sr content to the solute distribution of Al and Zn in
these alloys and veriﬁed by experimental analysis.
Raw materials for the experiments were pure Mg, pure Al,
pure Zn, Al–Sr master alloy, Mg–Sr master alloy, and Mg–Mn
master alloy. The alloys were melted in an electrical resistance
furnace using a graphite crucible and protected by a ﬂux
addition. The graphite crucible was ﬁrst preheated to 300 1C
followed by addition of pure Mg. The temperature was then
raised up to 700 1C. When the pure Mg was completely melted
down, the scruff was removed. After this, the master alloy and
other pure metals were added in a pre-speciﬁed order. Then
the temperature of the melt was raised to 740 1C and held for
70 min. The melt was then poured into a bottom gating
permanent coated mold which had been preheated to 300 1C.
The diameter of the alloy bars is 86 mm. The composition of
the alloys was analyzed by the chemical analysis method, and
the microstructure was examined by using optical microscopy
and scanning electron microscopy.3. Results and discussion
3.1. Results
The vertical section phase diagrams of the Mg–Al–Sr and
Mg–Zn–Sr ternary systems with different Sr contents are shown
in Figs. 1 and 2 respectively. Comparing Figs. 1(a and b) and
2(a and b), we can see that there is little inﬂuence on the liquid
phases lines (line AB) for the alloys with different Sr contents,
and the calculation results for various temperatures support the
results. The slope values of the liquid lines of the Mg–Al and
Mg–Zn binary alloy phase diagrams with different Sr content
are 6.40 and 5.91, respectively. Lines AC in Figs. 1 and 2
represent the content of Mg and Zn in the a-Mg phases at
various temperatures. After Sr addition the solid solubility of
Al and Zn in a-Mg phase are shown in Figs. 1b and 2b
(CAl and CZn). Comparing Figs. 1(a and b) and 2(a and b), it
can be seen that Sr has obvious effect on the solid phase lines of500
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Fig. 2 Vertical section phases diagram of the Mg–Zn–Sr system. (a) Mg–Zn; and (b) Mg–Zn–0.07%Sr.
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Fig. 3 Contents of Al and Zn in the solid phase with different
Sr contents.
Effect of Sr addition on the grain reﬁnement of AZ31 magnesium alloys 9the alloys. In addition, the content of CAl and CZn were also
calculated as shown in Fig. 3.
Solid solubility of Al and Zn (CAl and CZn) at 850 K with
different Sr contents was calculated and the results are shown
in Fig. 3. While with 0.14 wt% Sr content, the solid solubility
of Al and Zn under the solidiﬁcation temperature of 850 K
decreased from 0.04 wt% and 0.0198 wt% to 0.003 wt% and
0.0045 wt% respectively. More explicitly, the solid solubility
of Al and Zn both decreased with the increase of Sr content,
indicating that Sr can promote the segregation of Al and Zn in
the liquid phases. It is well-known that the dendrite boundary
is the last solidiﬁcation zone. It is thus reasonable to believe
that Sr promotes segregation of Al and Zn at the dendrite
boundaries. Fig. 3 also shows that, at lower Sr content
(o0.1 wt%), CAl and CZn decrease rapidly with the increase
of Sr content. While at higher Sr content (40.1 wt%), the
reduction in CAl and CZn with the increase of Sr content is
much slower.
Fig. 4 and Table 1 show SEM images and EDS results of
the AZ31 magnesium alloys with different Sr contents,
respectively. From Fig. 4 we can see that after Sr addition
the second phases have been reﬁned and their amounts
increased. From the EDS results shown in Table 1 and
Fig. 5 we can see that the content of Al and Zn in the second
phases increased with the increase of the Sr content. This
result, which is in consistence with the results calculated by the
Thermo-Calc phase diagram software, indicates that Sr can
promote segregation of Al and Zn at the dendrite boundaries.
As we all know, segregation of elements in alloys will result inthe precipitation of more second phases, which can be seen in
Fig. 4(c and d). Both precipitation of the second phases and
segregation of the elements in grain boundaries will contribute
to the grain reﬁnement of the a-Mg matrix. In addition, from
Table 1 and Figs. 3–5 it is found that the effect of Sr on the
solute concentration coefﬁcient of Al is larger than that of Zn.
3.2. Discussion
Additions of solute elements lead to the continuous under-
cooling of the solutes along the diffusion zone, which will
decelerate the diffusion of the solute and restrict the growth of
the grains. Since continuous undercooling is the primary
driving force for the nucleation, the continuously undercooled
liquid/solid interface enables the existence of the nucleation
cores and facilitates the formation of more nucleation cores.
As for the effects on the grain size, the solute is as important
as the heterogeneous nucleation agents. The solutes have
signiﬁcant effects both on the nucleation and on the grain
growth. Previous studies on the aluminum alloy systems
indicated that the effect of the solute elements on grain size
could be explained in terms of the grain growth restriction
factor GRF (Eq. (1)). The GRF theory has been widely
applied in the research of the grain reﬁnement mechanisms
of the solute elements to magnesium alloys [9–12].
GRF ¼
X
i
mic0iðki1Þ ð1Þ
where mi is the slope of the liquid line, c0i is the initial
concentration of element i, ki is the partition coefﬁcient, and
mi(ki1) is the grain growth restriction modulus of element i
in the alloy. The higher reﬁnement efﬁciency and better grain
reﬁnement effect will be achieved with larger GRF value
according to Eq. (1). For the AZ31 magnesium alloy with Sr
addition presented in this work, i denote Al, Zn and Sr
respectively. At 850 K, the solute concentrations in the liquid
phases are kept at 0.1372 for Al, and 0.2028 for Zn, without
regard to the Sr content. According to the solute distribution
coefﬁcient equation, kAl¼CSAl/CLAl and kZn¼CSZn/CLZn are
computed. Values of mi are calculated by using the Thermo-
Calc phase diagram calculation software and the results are
mAl¼6.40, mZn¼5.91, and mSr¼3.27. Accordingly,
values of mAlðkAl1Þ and mZnðkZn1Þ with different Sr content
were obtained and shown in Fig. 6. From Fig. 6 we can see
that addition of Sr improved the grain growth restriction
A
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Fig. 4 SEM images of the AZ31þxSr alloys. (a) 0%Sr; (b) 0.07%Sr; (c) 0.10%Sr; and (d) 0.14%Sr.
Table1 EDS results of the AZ31þxSr alloys (at%).
Fig. 4(a) Fig. 4(b) Fig. 4(c) Fig. 4(d)
A B C A B A B C A B C
Mg 62.66 75.27 57.33 52.03 45.41 48.52 41.59 89.41 12.52 53.49 9.74
Al 24.30 7.40 26.76 27.71 34.50 29.37 35.72 9.15 49.13 32.31 61.90
Zn 13.03 – 15.90 – 16.23 20.26 – 1.44 38.35 14.21 7.69
Mn – 17.34 – – – – – – – – –
Sr – – – – 3.86 1.85 22.69 – – – 20.67
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Fig. 5 Content of Al and Zn in the second phases of the AZ31þ
xSr alloys.
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Fig. 6 Growth restriction modulus of Al and Zn in the AZ31þxSr
alloys.
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Effect of Sr addition on the grain reﬁnement of AZ31 magnesium alloys 11modulus of Al and Zn and these values increased with the
increase of the Sr content. It is also indicated that the inﬂuence
of adding Sr on Al is greater than that on Zn. So we can
conclude that Sr has a larger effect on the solute distribution
coefﬁcients and the GRF value for Al elements in AZ31
magnesium alloys than for Zn elements. Fig. 6 also shows that
when the Sr content is over 0.1 wt% the improvement in the
grain growth restriction modulus for both Al and Zn is not
obvious. From Fig. 7 we can see that the Al4Sr phase is
formed when Sr content is 0.07% (segregation) and 0.12%
(segregation and precipitation) and new peaks for Al4Sr phase
appeared. Fig. 8 shows that the new formed Al4Sr phase is
plate-like and placed in the grain boundary which can
effectively hinder the grain growth and have certain grain
reﬁnement effect too.10 20 30 40 50 60 70 80 90
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Fig. 7 XRD analysis results of the AZ31þxSr alloys. (a) AZ31þ
0.03%Sr; and (b) AZ31þ0.07%Sr.
Mg
Al4Sr
Fig. 8 Al4Sr phases in the SFurthermore, according to the results calculated by the
Thermo-Calc software, kSr¼0.006, mSr(kSr)¼3.25. This means
that, after Sr addition in AZ31 magnesium alloys, Sr itself can
also improve the GRF value of the alloys and therefore reﬁne
the grains.
All analysis discussed earlier in the present work indicate
that after Sr addition in AZ31 magnesium alloys, on one
hand Sr itself leads to grain reﬁnement by its contribution to
the improvement of the GRF values of the alloys, on the
other hand Sr can affect the solute distribution coefﬁcients of
Al and Zn in the alloys, improve the GRF values by these
solutes, consequently, the grain reﬁnement efﬁciency of Al
and Zn.4. Conclusionr-(1)conThe addition of Sr in AZ31 magnesium alloys caused the
decrease of the solute distribution coefﬁcients for both Al
and Zn. With 0.14 wt%. Sr content, the solid solubility
of Al and Zn under the solidiﬁcation temperature of
850 K decreased from 0.04 wt% and 0.0198 wt% to
0.003 wt% and 0.0045 wt% respectively. This means that
the Sr addition can promote the segregation of both Al
and Zn in the liquid phases during solidiﬁcation, and
therefore enhances the grain reﬁnement efﬁciencies
brought by Al and Zn.(2) Sr can improve the GRF values of Al and Zn to the
AZ31 magnesium alloys and hence improve the grain
reﬁnement efﬁciency by Al and Zn. And the addition of
Sr has greater effect on the solute distribution coefﬁcients
and the GRF values for Al than for Zn.SrAl 
Zn
Mn
taining AZ31 alloy.
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